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MinireviewError-Prone DNA Polymerases:
Novel Structures
and the Benefits of Infidelity
1). A second crystal structure of an N-terminal protein
fragment with the catalytic site is from the low-fidelity
DNA polymerase  of S. cerevisiae (Trincao et al., 2001).
Both human and yeast pol misincorporate nucleotides
in vitro with a high rate (Masutani et al., 2000; Prakash
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base damage that typically cause replicative arrest (Ma-2 Center for Structural Biology
sutani et al., 2000; Prakash et al., 2000). Finally, Ling etDepartment of Pharmacological Sciences
al. (2001 [this issue of Cell]) solved the structure of Dpo4,State University of New York at Stony Brook
a dinB homolog from a different species of S. solfatari-Stony Brook, New York 11794
cus, which can bypass several types of base damage
in vitro. Importantly, these investigators succeeded in
crystallizing full-length Dpo4 as a ternary complex withStudies on several recently discovered error-prone
a short DNA primer-template and either a correctly base-DNA polymerases reveal novel structures that may
paired or misaligned incoming nucleotide.explain the low fidelity of this general class of en-
Despite the lack of overall amino acid sequence simi-zymes, a number of which are involved in the replica-
larity between members of the Y and other DNA poly-tive bypass (translesion synthesis) of base damage in
merase families, the basic structure of these three pro-DNA.
teins reveals the signature palm, fingers, and thumb
domains that characterize DNA polymerases of known
structure (Figures 1A and 1B). A fourth domain identifiedDuring the past several years our understanding of mu-
in the Dpo4 and pol structures is referred to as thetagenesis has been expanded by the identification of a
little finger (Ling et al., 2001) or polymerase-associatednew superfamily of DNA polymerases called the Y-family
domain (PAD) (Trincao et al., 2001) (Figures 1B–1D). The(Ohmori et al., 2001). This group includes evolutionarily
structure of the two archael polymerases Dbh and Dpo4related proteins known to be involved in mutagenesis.
are very similar and can be superimposed with rms devi-All members of this superfamily thus far biochemically
ations of 1.1 A˚ for 197 C’s of the finger and palm domaincharacterized are devoid of detectable 3 → 5 proof-
(Figure 1B). A comparison between these two structuresreading exonuclease activity, and replicate undamaged
and that of yeast pol shows a conserved palm domainDNA in vitro with low fidelity and weak processivity.
which contains four central  strands with two  helicesSeveral of these enzymes support replicative bypass
on one side and a smaller  helix on the other (Figureof damaged bases that arrest high-fidelity, highly pro-
1, sequence alignment and panels B and C). This ar-cessive DNA polymerases involved in DNA replication.
rangement is similar to that in the high-fidelity phageThis process (translesion DNA synthesis [TLS]) lies at the
T7 DNA polymerase, HIV reverse transcriptase, and theheart of mutagenesis. Several other recently discovered
Klenow fragment of E. coli polymerase I. In particular,DNA polymerases from the smaller X-family, as well as
the three key invariant acidic residues identified in thethe Rev3 catalytic subunit of an enzyme called DNA
active site of all DNA polymerases are structurally con-polymerase , also manifest reduced fidelity and pro-
served (Figure 1, sequence alignment). In addition tocessivity in vitro.
the central palm domain, the yeast pol protein containsThe property of reduced fidelity, coupled with the abil-
a small mainly -helical “wrist” subdomain (Figure 1C,
ity of a number of these polymerases to support TLS in
yellow arrows). The PAD and little finger domains in
vitro, has prompted interest in defining their biological
yeast pol and Dpo4, respectively, are also structurally
role(s), understanding the regulation of their selective very similar (Figure 1C), as are the fingers domains of
access to stalled replication forks, and in determining all three low-fidelity polymerases (Figures 1B and 1C).
the structural basis of their low fidelity and processivity. However, the fingers domain of pol reveals extensions
X-Ray Crystallography Reveals Altered Structures that are absent in the archeal proteins (not shown).
of Low-Fidelity DNA Polymerases In contrast, the fingers and thumb domains of the
The crystal structures of three novel DNA polymerases three low-fidelity polymerases (Figures 1B and 1C) differ
have recently been reported, and collectively, provide significantly from those of the high-fidelity enzymes (Fig-
interesting new insights into potential mechanisms of ure 1A). The thumb domain in the former group, which
low-fidelity nucleotide incorporation and TLS by mem- is entirely-helical, is unusually small and stubby (Figure
bers of the Y-family. Zhou et al. (2001) determined the 1B). The fingers domain is also truncated and is com-
crystal structure of an N-terminal fragment of a struc- prised of a mixed    structure (Figures 1B and 1C),
tural ortholog of the E. coli dinB protein from the Archae- whereas, in high-fidelity DNA polymerases, this domain
bacterium Sulfolobus solfataricus, designated Dbh. The is predominantly -helical (Figure 1A). A striking feature
fragment from S. solfataricus retains the catalytic do- is the absence of the O helices present in high-fidelity
main of the protein and includes five amino acid se- polymerases (Figure 1A, yellow arrows) in the fingers
quence motifs conserved in Y-family members (Figure domain of the three new structures. This region is be-
lieved to effect fidelity checking on the surface formed
between the incoming and template nucleotides.3 Correspondence: errol.friedberg@utsouthwestern.edu
Figure 1. Amino Acid Sequence Alignments Used Clustal, Manually Adjusted According to Published Alignments
Dpo4, Dbh, and pol (Dpo, Dbh, Eta) were aligned as a group separate from T7 and Taq polymerases (T7, Taq). Structural elements above
the alignments ( sheets or  helices) correspond to Dpo4 (top) and pol (bottom) and are stacked when alignments were not exact. When
only a single element is shown, either the alignment between Dpo4 and pol was exact or the sequence refers only to pol. Structural elements
for T7 and Taq are shown below sequence alignments and are not differentiated. Contiguous sequences in T7 and Taq were sometimes
omitted to facilitate alignment with the Y-family. These positions are indicated with orange breaks. Amino acid positions corresponding to
the five highly conserved motifs in the catalytic domain are indicated by black bars and are numbered I–V. The three conserved carboxylate
residues are shown in yellow. Elements of palm (red), fingers (blue), thumb (green), and PAD/little finger (purple) domains are shown, and
component  sheets (arrows) and  helices (ribbons or cylinders) are correspondingly colored in the sequence alignment.
(A) Superposition of thumb, palm, and finger domains of the uncomplexed open (pdb entry 2KTQ) and closed active ternary complexes (PDB
entry 3KTQ) of Taq polymerase. Structures are rotated 180 along the vertical axis relative to traditional presentations (fingers to the left) to
facilitate comparisons with the Y-family structures. The thumb and palm domains of the open and closed forms are almost identical. Hence,
only the fingers domain of the closed form (gray) is shown to indicate movement upon DNA binding. The O helix is indicated with yellow
arrows.
(B) Superposition of Dpo4 in the ternary complex and uncomplexed Dbh (gray).
(C) Superposition of Dpo4 in the ternary complex and uncomplexed pol (gray). Corresponding C positions are labeled with colored spheres
and the potential for domain movement upon DNA binding is indicated by the cyan arrow. Yellow arrows highlight the -helical “wrist”
subdomain of pol.
(D) Superposition of Dpo4 and pol as in (C). Only thumb and little finger/PAD domains are shown, with DNA in all-bonds representation.
Coordinates for all three new structures were generously provided by the respective authors.
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Trincao et al. (2001) calculated that the surface area suggesting that the little finger facilitates stable binding
of the polymerase to substrate DNA.for binding DNA in pol afforded by the palm, thumb,
and fingers domains is considerably smaller than in T7 In the structure with a misaligned incoming nucleo-
tide, the orientation of the sugar phosphate moiety dif-polymerase. This potential binding area is increased
however, by the novel PAD joined to the thumb. The fers markedly from that with the correct nucleotide. The
incoming base (G) skips the first template base (G) andPAD (and little finger domain in Dpo4) is structurally
similar to the core of the palm domain and contains a base pairs with the next 5 template base (C) by template
translocation. This ternary structure indicates that thefour-stranded antiparallel  sheet with two  helices on
one side (Figure 1B). The sequence corresponding to the active site of Dpo4 can accommodate an additional tem-
plate base and, as in the case of pol, suggests potentiallittle finger domain in Dpo4 is not obviously conserved in
the Y-family. However, predictions of secondary struc- mechanisms for bypass of lesions such as pyrimidine
dimers. However, since the second 5 base can baseture suggest that this domain is structurally retained.
Zhou et al. (2001) modeled the surface of Dbh on pair correctly with the incoming nucleotide, it is unclear
what structure would have resulted if the second tem-the ternary complex of phage T7 DNA polymerase by
superimposing the structurally similar palm domains. plate base had been nonpairing.
A structure for the uncomplexed Dpo4 polymerase isThis alignment suggests that the binding pocket of Dbh
polymerase for the base pair about to be formed is not available. Hence, the question as to whether this
low-fidelity enzyme undergoes a conformational changerelatively open, and in contrast to the high-fidelity T7
enzyme, there appear to be limited possibilities for con- from an open to a closed state at the active site, similar
to that observed with high-fidelity polymerases like thattact between the protein and the template DNA strand.
Additionally, the fingers domain, which is rotated out- of phage T7, cannot be directly addressed at this time.
However, the ternary complex reveals interactions be-ward approximately 40 in the absence of template DNA
and the incoming nucleotide in T7 DNA polymerase (the tween the tip of the little finger and the fingers domains,
prompting the suggestion of a conformational change“open” conformation), appears to be in the “closed”
conformation in Dbh, even without bound substrate. The during DNA polymerization. This suggestion is sup-
ported by superposition of the palm domains of Dpo4authors suggest that Dbh may not operate by the type
of induced-fit mechanism proposed for replicative poly- and pol, which reveals an “inward” movement of the
little finger domain of Dpo4 relative to the PAD domainmerases such as the T7 enzyme, Taq polymerase, and
mammalian pol (Kunkel and Bebenek, 2000). This sug- of pol by48 (Figure 1C). It remains an open question
whether this reorientation affects processivity and fidel-gestion is supported by comparing the Dpo4 structure
(with DNA) with that of Dbh (without DNA) (Figure 1B). ity or is primarily involved in clamping, as suggested in
the pol structure. Another relevant issue beyond theModeling of pol with the T7 ternary complex again
reveals few potential contacts between the former pro- scope of the present review concerns interactions be-
tween these polymerases and known replication acces-tein and the primer-template DNA. Additionally, in con-
trast to the structures of several high-fidelity polymer- sory proteins, as well as possible novel proteins.
Low-Fidelity DNA Polymerases Subserve Mutatorases which suggest a capacity for a single template
nucleotide in the active site, the structure of yeast pol and Antimutator Functions During TLS
A number of low-fidelity DNA polymerases (E. coli polVpotentially provides relatively unhindered access. The
authors suggest that whereas the cis-syn conformation and possibly pol IV and the eukaryotic polymerases ,
, , and Rev1) support TLS of different types of baseof a thymine-thymine dimer precludes flipping the 5
thymine moiety out of the active site of high-fidelity damage in vitro (Wang, 2001). These observations sug-
gest that a likely explanation for their multiplicity in cellspolymerases, the paucity of putative contacts between
pol and the 5 template base may accommodate two (especially in eukaryotes) lies in the requirement to by-
pass a large repertoire of naturally occurring base dam-nucleotides in the active site, thereby explaining the
ability of pol to bypass thymine dimers. age that would otherwise halt the progression of cells
through the cell cycle. This requirement has apparentlyThe Dpo4 ternary complex reveals limited and non-
specific interactions between the protein and the repli- been met by the evolutionary selection of enzymes with
greatly relaxed fidelity. However, this property does notcating base pair. The little finger is separated from the
catalytic core by a large crevice not observed in other necessarily translate to error-proneness when required
to bypass just one or two sites of base damage, espe-polymerases. Remarkably, the primer-template DNA is
in the B form, which contrasts with the structure of cially in view of the (likely attendant) selection for the
additional property of low processivity. Were this notternary complexes of replicative DNA polymerases in
which the substrate DNA is in the A form. In the B form, the case, the mutational burden associated with TLS
of base damage might be incompatible with genomicthe minor groove is poorly accessible to amino acid side
chains in the active site, suggesting a restricted ability stability, especially in germ line cells.
An instructional example of this principle is providedto monitor the fidelity of base pair formation with the
incoming nucleotide. The DNA primer-template is gripped by pol. Discrimination between instructional and nonin-
structional template nucleotides by this DNA polymer-between the thumb and the little finger domains across
the minor groove from beneath and across the major ase is very limited. Indeed, under steady-state condi-
tions in vitro, pol correctly incorporates AA withgroove from above. A tether linking these two domains
is cleaved with trypsin in the absence of DNA, releasing identical efficiency opposite cis-syn TT dimers and non-
dimerized TT pairs (Haracska, et al., 2000). Thus, eventhe little finger from the catalytic core and resulting in
a less processive polymerase in vitro. In the presence of though the intrinsic error rate of pol is as high as 1
in 22 nucleotides incorporated (Matsuda et al., 2000),DNA, the protein is protected from proteolytic cleavage,
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TLS through a single thymine dimer is predictably accu- high levels and with the identical cell-specific pattern in
rate 	90% of the time. The precise fraction of thymine mouse testis (Gerlach, et al., 2000), but is devoid of
dimers that require processing by TLS in cells exposed detectable dRP lyase activity (Bebenek, et al., 2001).
to UV radiation as opposed to other (error free) re- Perhaps pol fulfills a TLS function in response to spon-
sponses to DNA damage such as excision repair, pre- taneous base damage during spermatogenesis.
sumably varies as a function of the amount of damage, In conclusion, progress in elucidating the biological
the stage of the cell cycle, and other aspects of cellular functions of the recently identified “novel” DNA polymer-
physiology, but in any case is expected to be very small. ases indicates roles in TLS and/or single nucleotide BER
Hence, a level of accuracy for TLS that is 	90% is for most, if not all of them. The diversity of spontaneous
presumably sufficient to protect cells from unreasonable base damage in DNA accommodates the redundancy
levels of mutation. This notion is directly borne out by of these polymerases in cells, especially in higher eu-
the observation that humans who are genetically defec- karyotes. In general, the structures reviewed here sug-
tive in pol activity suffer from xeroderma pigmentosum gest that an open, solvent-accessible active site may
(XP) and are highly susceptible to mutations and cancer be general for low-fidelity polymerases, and the pres-
in skin cells exposed to sunlight (Masutani et al., 2000). ence of novel domains augers well for models of DNA
The ability of pol to support relatively accurate TLS binding that restrict base contacts with substrates in the
across thymine dimers is supported by observations active site, but allow nonspecific contacts elsewhere.
with other types of base damage (Prakash et al., 2000).
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